Leaves are beautifully specialized organs designed to maximize the use of light and 3 0
Highlight: Cell morphology in leaves affects photosynthesis by controlling CO 2 2 5 diffusion and light distribution. Recent work has uncovered genes that control cell 2 6 size, shape, and number paving the way improved photosynthesis. mesophyll surface area is less than that value, chloroplasts might overlap in the 2 4 8 mesophyll cell, which would result in the decrease of S c . In addition, adequate 2 4 9 mesophyll cell space is a prerequisite to achieve an increase in cell density. From 3, it could be found that f ias is still 0.215, despite many more mesophyll cells. From 2 5 1 the literature, the average f ias is 0.241 regardless of species and environment, varying 2 5 2 from 0.059 of Oryza sativa cslf6-2 mutant (Ellsworth et al., 2018) to 0.675 of 2 5 3
Asplenium scolopendrium (Carriquí et al., 2015) . Great variations in f ias produce the 2 5 4 possibility to utilize internal volume of the leaf to assemble more mesophyll cells to 2 5 5
improve S mes and S c . Authentic mesophyll cells are not uniformly spherical and are 2 5 6 more complex, nevertheless, for most species the intercellular space is sufficient to be 2 5 7 equipped with more mesophyll cells. Appropriate manipulation of mesophyll cell 2 5 8 density to increase mesophyll and chloroplast surface area exposed to intercellular air 2 5 9
space is a potential approach for enhancing leaf photosynthetic capacity by altering 2 6 0 leaf anatomy. After arriving at substomatal cavities, atmospheric CO 2 diffuses through intercellular 2 6 6 airspaces and then passes through the cell wall, cytosol, chloroplast envelope, finally 2 6 7
reaching the sites of carboxylation in the chloroplast. The total CO 2 diffusion 2 6 8 resistance between substomotal cavities and carboxylation sites is termed mesophyll 2 6 9
resistance and its reciprocal is defined as mesophyll conductance (g m ), which is 2 7 0 sufficiently small to restrict photosynthesis (Warren, 2008; Flexas et al., 2008 Flexas et al., , 2012 2 7 1 Evans et al., 2009) . Mesophyll resistance can be divided into the gas-phase and 2 7 2 liquid-phase resistance, in which liquid-phase resistance could account more than 90% 2 7 3 of mesophyll resistance (Parkhurst, 1994; Tosens et al., 2012; Lu et al., 2016) . In the 2 7 4 liquid-phase, many CO 2 diffusion parameters have not been accurately quantified 2 7 5
( Evans et al., 2009; Xiao and Zhu, 2017) , however, cell wall thickness and S c are 2 7 6 considered the most important anatomical parameters influencing g m (Syvertsen et al., 2 7 7 1 2 1995; Tomás et al., 2013) . Summarized data confirmed the significantly negative 2 7 8 correlation between g m and cell wall thickness (Fig. 2) . By contrast, g m is positively 2 7 9 correlated with S c because a large chloroplast surface area adjacent to the cell wall is 2 8 0 beneficial for fast diffusion through the cytosol and minimizes the total diffusion 2 8 1 resistance. He et al. (2017) reported an increase in the number of lobed mesophyll 2 8 2 cells induced much higher total surface area of mesophyll cells in the BTK lines, 2 8 3 further resulting in greater mesophyll conductance. As shown in Fig.3 , without 2 8 4 increasing leaf thickness, increasing mesophyll cell number improves the mesophyll 2 8 5 surface area, thereby increasing the number of chloroplasts per unit leaf area and S c . 2 8 6
Higher S c improves CO 2 mesophyll conductance, increases CO 2 concentration at 2 8 7 carboxylation site and enhances photosynthetic capacity. 2 8 8
Light interception and distribution in leaves 2 8 9
Leaf anatomy is well designed to capture solar and maximize light absorption; leaves 2 9 0 often absorb more than 85% of the photosynthetically active radiation that hits them 2 9 1 (Evans and Poorter, 2001). Lens-shaped epidermal cells can concentrate incident light 2 9 2 severalfold, columnar palisade cells facilitate the penetration of light into the leaf, and 2 9 3 randomly arranged spherical spongy cells and intercellular airspaces intensely scatter 2 9 4 and reflect light, which increases the probability of light absorption for photosynthesis 2 9 5
( Vogelmann et al., 1996a,b; Ustin et al., 2001; Smith et al., 2004) . With depth into a 2 9 6 leaf, the light and chlorophyll fluorescence intensity, especially for red and blue light, 2 9 7 decline remarkably due to absorption and scattering, depending upon pigmentation as 2 9 8
well as the mesophyll structure (Vogelmann, 1993; Vogelmann and Evans, 2002) . More and slightly-stacked mesophyll cell layers could efficiently facilitate the 3 0 1 3 penetration of light into the leaf reducing light absorption in the top most layer that 3 0 6 might be saturated by light allowing light to penetrate to the lower layers that may not 3 0 7
be saturated by light. On the other hand, smaller intercellular airspace with small 3 0 8
pockets could scatter light more (Smith et al., 2004) , increase the light pathlength and 3 0 9 enhance light absorption. Besides reducing CO 2 diffusion resistance, higher S c 3 1 0
accompanied by more chloroplasts exposed to intercellular airspace aids efficient light 3 1 1 absorbtion and helps satisfy the electron requirement for CO 2 assimilation associated 3 1 2 with high CO 2 conductance (Terashima et al., 2009) . The transgenic line ATML1 pro : 3 1 3
KRP1 leaves exhibited an increase in palisade cell density improving air channel 3 1 4 circularity and density, promoting the proportion of light energy used and operational 3 1 5 election transport rate (Lehmeier et al., 2017) . 3 1 6
Other potential changes 3 1 7
Leaf growth is determined by the amount of photosynthetic C partitioned between leaf 3 1 8 area growth and LMA (Weraduwage et al., 2015) . An alteration in C investment to leaf 3 1 9 area or LMA could influence plant growth. Weraduwage et al. (2016) showed that 3 2 0 overexpression of the Cotton Golgi-related (CGR) genes CGR2 and CGR3, which 3 2 1 mediate pectin methylesterification, increased C partitioned to leaf area growth and 3 2 2 improved whole-plant photosynthesis and plant growth. Greater numbers of 3 2 3 mesophyll cells would result in higher LMA (Pyankov et al., 1999; Poorter et al., 2009; 3 2 4 John et al., 2017) , which requires more C invested in LMA and reduces the available C 3 2 5
for leaf area growth. Additionally, mesophyll cells make more than 90% of total leaf 3 2 6 respiration owing to more mitochondria in mesophyll cells (Long et al., 2015a) . More 3 2 7 mesophyll cells mean more mitochondria and higher leaf respiration, reducing rice Tr6322-H had higher mesophyll cell density and more developed collenchyma 3 5 0 coupled to a higher mesophyll conductance, however, its leaf development might be 3 5 1
influenced by water deficit because of increased water loss. The regulation of 3 5 2 mesophyll cell morphology has potential to enhance photosynthetic capacity, however, 3 5 3
it is worth studying whether it will increase hydraulic conductance simultaneously or 3 5 4 change the composition of hydraulic conductivity. Additionally, they exhibit higher information cost (nuclear N-and P and chloroplast N 3 6 3 and P). From this perspective, plants in natural environments may not benefit from 3 6 4 very small mesophyll cells. 3 6 5
However, for agroecosystems, there might be more advantages to select small 3 6 6 mesophyll cells. High mechanical strength would be beneficial to enhance crop pest 3 6 7
resistance. The maintenance of leaf morphology depends on the cell wall, which is 3 6 8
helpful to increase resistance to drought stress. For intensive agricultural production, 3 6 9 N and P inputs are always sufficient or even excessive. If manipulating mesophyll cell 3 7 0 morphology could improve photosynthetic capacity and increase crop yield without 3 7 1 additional inputs, then N and P utilization efficiency would be higher. Selecting for 3 7 2 smaller mesophyll cells does not mean completely changing the shape and size of the nature. Thus, leaf morphogenesis and the related genes are hotspots in plant biology 3 9 0
research. Numerous Arabidopsis mutants with altered leaf size and/or shape have been 3 9 1
isolated (Horiguchi et al., 2006 ) and a key aspect of genes affecting leaf 3 9 2 morphogenesis also have been identified during the past years. Several articles have 3 9 3 reviewed in detail the critical genes regulating leaf shape, size, cell proliferation and 3 9 4
expansion (Beemster et al., 2003; Micol, 2009; Horiguchi and Tsukaya, 2011; 3 9 5 Gonzalez et al., 2012; Rodriguez et al., 2014 Rodriguez et al., , 2016 Hepworth and Lenhard, 2014) . 3 9 6
However, leaf development is a complex biological process and is determined by 3 9 7
many genes and pathways. The molecular mechanisms underlying leaf size and shape 3 9 8
are only starting to be unraveled. Although extensive research is still needed, key 3 9 9
genes can provide some mechanisms for regulating leaf morphology. ANT expression and regulates cell proliferation, displaying enlarged leaves attributed 4 2 9
to increase in cell number (Hu et al., 2003) . The cro mutants det2 and dwf1, affected 4 3 0
in brassinosteroid biosynthesis revealed fewer and smaller cells (Nakaya et al., 2002) . CGR2 and CGR3 genes showed reduced cell expansion and overall plant growth 4 4 6 associated with reducing pectin methylesterification (Kim et al., 2015) . 4 4 7
The directly regulated genes, which might be involved in signaling, structural, and 4 4 8
other aspects regulating cell and leaf shape and still require further research, mainly 4 4 9
regulate cell proliferation. In most instances, overexpressing these genes results in 4 5 0 larger leaves owing to increased cell number rather than cell size. However, genes 4 5 1 related to hormone signaling and structural component synthesis always influence 4 5 2
both cell proliferation and cell expansion. Generally, an increase in the number of 4 5 3 cells leads to a reduction in the volume of the cells, which is called "compensatory 4 5 4 effect". Horiguchi and Tsukaya (2011) defined compensation as when "a decrease in 4 5 5
cell number in a leaf caused by genetic defect leads to an enhanced cell expansion". 4 5 6
They thought altered cell proliferation triggered compensation rather than cell 4 5 7
expansion. Moreover, compensation is induced only when cell proliferation is beyond 4 5 8 a threshold level (Horiguchi et al., 2006) . It indicates increasing cell number within a 4 5 9
certain range would not cause the changes in cell size, which provides the theoretical 4 6 0 support of regulating mesophyll cell density to improve the S mes and S c values. 4 6 1
Besides manipulating mesophyll cell density, improving chloroplast density is helpful 4 6 2 to increase the S c values. Thus, the genes regulating chloroplast division will also be 4 6 3
reviewed. The ARC (ACCUMULATION and REPLICATION of CHLOROPLASTS) 4 6 4 mutants are an important genetic resource in the control of chloroplast division (Pyke 4 6 5
and Leech, 1994; Gao et al., 2003; Cho et al., 2012; Zhou et al., 2015) . Regulation is disconnected from limitation (Sharkey and Weise, 2012). Light and CO 2 4 8 7
are the primary external constraints (limitations) on photosynthesis, therefore, 4 8 8
regulating leaf morphology to take maximum advantage of light and CO 2 is key to 4 8 9 maximize photosynthesis. During the past decades, considerable research has been 4 9 0 conducted to study the influence of leaf morphology on photosynthetic capacity in 4 9 1 different species and environments. These studies help interpret how plants achieve 4 9 2 high photosynthetic efficiency by optimizing leaf anatomy under different 4 9 3 environments. Nonetheless, for any given species, the leaf architectural traits with the 4 9 4 highest photosynthetic capacity is not always clear. Small differences in leaf 4 9 5
phenotypes and the large number of genes that affect leaf architecture make research 4 9 6 in this area difficult. As the most widely used species in plant biology research, 4 9 7
Arabidopsis thaliana has been screened and numerous mutants with different leaf size 4 9 8
and/or shape have been isolated (Horiguchi et al., 2006; Micol, 2009) . A large number 4 9 9
of the mutated genes determining cell proliferation, expansion and differentiation 5 0 0
have been identified. However, these mutations have not typically been studied in the 5 0 1 2 0 context of the effects on photosynthesis. Therefore, the best targets for engineering 5 0 2 leaf anatomy are unknown. More, and in-depth, studies should focus on (1) the 5 0 3 differences in photosynthetic capacity under different leaf shape and size as well as 5 0 4 leaf anatomy, (2) how to influence leaf photosynthesis through the potential target 5 0 5
genes altering leaf morphology. Such research will pinpoint the targets for altering 5 0 6
leaf architecture to maximize photosynthetic capacity. 5 0 7
Although light fluctuations significantly influence leaf photosynthesis (Kaiser et al., 5 0 8 2018; Slattery et al., 2018) , CO 2 concentration is the dominant factor restricting 5 0 9
photosynthesis and yield in crops under current conditions (Ainsworth and Long, 2005 ; 5 1 0
Ellsworth et al., 2012) . In C 4 plants, the specialized Kranz anatomy helps concentrate 5 1 1 CO 2 concentration and enhance photosynthetic efficiency. C 3 plants do not possess 5 1 2
Kranz anatomy and CO 2 diffusion resistance in mesophyll cells significantly reduces 5 1 3 the CO 2 concentration at the sites of carboxylation. If mesophyll resistance could be 5 1 4 eliminated, photosynthesis rates would be improved by up to 20% (Zhu et al., 2010) . 5 1 5
Increasing chloroplast area exposed to intercellular airspace as much as possible could 5 1 6
reduce the CO 2 diffusion resistance and enhance mesophyll conductance and 5 1 7 photosynthetic capacity. Terashima et al. (2001 Terashima et al. ( , 2006 Terashima et al. ( , 2011 have elaborated the 5 1 8
importance of having sufficient S c for efficient photosynthesis and have discussed the 5 1 9
various strategies to increase the S mes and S c values by manipulating cell proliferation 5 2 0 and expansion. They thought decreasing mesophyll cell size was an effective 5 2 1 approach to increase S c and decrease CO 2 diffusion resistance. Nevertheless, most 5 2 2 plants do not tend to form small mesophyll cells as a result of natural selection. As 5 2 3 early as the 1970s, selection for a smaller cell size have been considered as critical 5 2 4
parameters to breed new variety with high photosynthesis and yield. Nevertheless, 5
2 5
owing to poor understanding of molecular mechanisms controlling leaf anatomy as 5 2 6
well as cell proliferation and expansion, the investigations into the influence of 5 2 7 mesophyll cell size on photosynthesis have not been fully developed and the selection 5 2 8 of more and smaller mesophyll cells is not currently considered a potential approach 5 2 9 2 1 to enhance photosynthesis capacity. Recent research shows increasing mesophyll cell 5 3 0
number through regulating genes related to the cell cycle are beneficial for improving 5 3 1 photosynthetic capacity (Takai et al., 2013; Lehmeier et al., 2017) . It can be foreseen 5 3 2 that engineering leaf anatomy by manipulating cell proliferation and expansion using 5 3 3 gene regulation or gene editing technology will be a potential approach to enhance 5 3 4 plant photosynthetic capacity in future. 5 3 5
Indeed, many challenges, including photosynthesis and molecular mechanisms 5 3 6
controlling leaf anatomy, need to be solved. What is the potential for regulating cell 5 3 7 density to maximize photosynthesis? As mentioned in the compensation effect, 5 3 8
increasing in mesophyll cell number beyond a threshold value will trigger a decrease 5 3 9
in cell size (Horiguchi et al., 2006) . Smaller mesophyll cell size will restrict the 5 4 0
number and division of chloroplasts. Although the S mes value is improved by 5 4 1 increasing mesophyll cell number, the S c value might not be increased because of 5 4 2 over-lapping chloroplasts, which is unfavorable for enhancing photosynthesis. It is 5 4 3 therefore essential to explore the relationship between mesophyll cell traits and 5 4 4 mesophyll conductance and photosynthetic capacity. Additionally, an increase in leaf 5 4 5 mesophyll cell density would improve leaf mass density and LMA, which could 5 4 6 modify photosynthetic C partitioning to leaf area growth and growth in terms of LMA, 5 4 7
further influencing plant growth. Weraduwage et al. (2016) revealed that in the cgr2/3 5 4 8 mutant greater C partitioning to LMA, associated with an increase in leaf cell density, 5 4 9
resulted in smaller leaf area and reduced whole-plant photosynthesis. A great number 5 5 0 of cells and organelles require more energy and hence incur higher maintenance 5 5 1 respiratory costs (Weraduwage et al., 2016) . What's more, alteration in mesophyll cell 5 5 2 number and size also would impact the interception of light, water transport and CO 2 5 5 3
assimilation. Comprehensive studies to analyze the effects of manipulating mesophyll 5 5 4
cell morphology on other physiological processes in leaves would be useful to 5 5 5 optimize the approach for enhancing photosynthetic capacity.
yield. Annual Review of Plant Biology 61, 235-261.
3 7 LMA, leaf dry mass per unit area; Tcw, mesophyll cell wall thickness; Lchl, chloroplast length;
Figure captions
Tchl, chloroplast thickness; Smes, mesophyll surface area exposed to intercellular air space; Sc, chloroplast surface area exposed to intercellular air space; Sc.Smes, the ratio of Sc/Smes; gm, mesophyll conductance; gs, stomatal conductance; An, photosynthesis rate.
Fig. 2. Correlation between leaf morphology and photosynthetic parameters
based on literature data. Note: The correlation was conducted by using the "corrr" package in R software. The closer each variable is to another represents the higher relationship while the opposite is for widely spaced variables. The line color represents the direction of the correlation.
The blue line is positive correlation and the red line is negative correlation. The line shade and thickness represent the strength of the relationship. The minimum correlation coefficient required to display a line between variables is 0.3.
Fig. 3. Representations of geometrical idealization of mesophyll cells showing
how geometry affects the S mes and f ias value. Smes, mesophyll surface area exposed to intercellular air space; fias, fraction of intercellular air space. Fig. 1.   Fig. 2.   Fig. 3 . Tables   Table 1 Matrix 
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